INTRODUCTION
A striking property of our ability to recognise familiar faces is that it remains relatively invariant across huge changes in the facial image. Substantial image differences resulting from pose, expression and lighting have little or no effect on familiar face recognition ( ). In some cases, it seems that non-linear transformations can improve face recognition, as in facial caricaturing (Rhodes et al, 1987 , Rhodes et al 1996 , though evidence for this benefit is strongest when stimuli are degraded in some way (Benson & Perrett, 1991 Calder et al, 1996; Rhodes et al, 1987) .
Nevertheless, it is clear that some non-linear changes are detrimental to familiar face recognition. Hole et al. (2002) showed that linearly stretching one half of a face image and leaving the remaining half unaltered led to a clear decrement in face recognition. This is rather a non-naturalistic transformation, because it is applied only to part of the face.
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and provides a potential means to investigate the nature of familiar face representations.
The effect of image transformation on face perception has also been examined in ERP studies of face recognition. N250r is an ERP component which has been linked to the representation of facial identity (Schweinberger et al, 2002; Pickering & Schweinberger, 2003 ). This component is interesting because it shows both image-independent sensitivity (successive presentations of different images of a known person affect the response) and image-dependent sensitivity (response is maximal if the identical image is repeated).
Interestingly, the N250r component is unaffected by linear changes to facial stimuli between repetitions (Bindemann et al, 2008) illustrating an image-independent facial response across these transformations. While this result suggests that some neural responses occur independently of these image transformations, it does not provide evidence about the structures involved.
In the present study, we draw on these effects of linear and non-linear image manipulation to probe the responses of brain regions thought to be critically involved in face perception and recognition. Neuroimaging studies have revealed a network of regions in the occipital and temporal lobes which form a core system for the visual analysis of faces Consistent with the role of the FFA in processing facial identity, previous fMRI studies have shown a reduced response (adaptation) to repeated images of the same face in the FFA (Grill-Spector et al., 1999; Andrews & Ewbank, 2004) . These findings imply that the identity of the face is represented at some level in the FFA and this representation is being adapted by repeated presentations. However, a stronger test for a direct link between neural activity in a given region and the recognition of facial identity is to determine whether the pattern of adaptation in that region corresponds to the behavioural pattern of recognition of identity. That is, whether adaptation is still evident when images of the same identity are transformed along a dimension that is not important for face recognition and release from adaptation is found when the images are transformed in a way that affects recognition.
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To achieve these aims, we used functional localiser scans to identify the core faceresponsive regions and then compared the pattern of neural adaptation to different stimulus transformations in each region to behavioural data demonstrating the impact of the same transformations on familiar face recognition. In Experiment 1, we compared linear transformations of size and aspect ratio to a non-linear transformation affecting only part of the face (see Hole et al., 2002) . In Experiment 2, we investigated the effects of non-linear transformations of face shape that fell within the range encountered in everyday life. Our prediction was that manipulations of the face that do not affect recognition will not influence adaptation to identity in face regions involved in recognition, whereas manipulations that do affect recognition will reduce the magnitude of adaptation.
METHODS

Participants
The study was approved by the York Neuroimaging Centre (YNiC) Research Ethics
Committee. Informed written consent was obtained from all participants before each experiment, and all participants had normal or corrected-to-normal vision. In addition, a screening test was used to ensure familiarity with the identities of the familiar faces. Images of the identities used in the screening test were different from the images used in the actual experiments. In Experiment 1, 21 participants (female = 13; mean age = 25.8, SE = 1.5) took part in the behavioural experiment and 23 participants took part in the fMRI experiment (female = 15; mean age = 22.1, SE = 1.4). In Experiment 2, 25 participants took part in the fMRI experiment (female = 14; mean age = 25.8, SE = 1.7).
Experiment 1
Stimuli consisted of averaged faces of British celebrities that were familiar to the A behavioural study was performed to measure the ability of participants to discriminate face identities across these four different spatial transformations. Examples of trials are shown in Figure 1 . In each trial, two face images (the first of which was always an untransformed average image) were presented sequentially for 900 ms each with a 100 ms inter-stimulus interval, and participants pressed a button to indicate whether the two faces were of the same identity or different identities. The eight types of trials (conditions -same or different face identity pairs across four types of transform) were presented in random order, but the same order was used for all participants. Participants viewed a total of 168 trials (21 trials per condition); the first 24 trials were considered practice trials (3 trials per condition) and not included in the final analysis. For each participant, the median reaction time was calculated for correct responses for each condition, and the mean and standard error of the median reaction times were calculated across participants. Mean accuracy rates were also calculated for each participant and condition. Responses were considered correct or incorrect based on the identities of the faces from which the transformed stimuli were created. Participants viewed face images at a distance of 57 cm.
An fMR-adaptation paradigm was then used to measure neural responses to the different spatial transformations. Images were presented in a blocked design. During each block, 6 images were presented in sequence, each for 900ms with a 100ms black screen between each image, followed by a 9s gray mean luminance screen with a fixation cross, resulting in a total block length of 15s. The same four image transformations were used as in the behavioural experiment (unchanged, size change, one-dimensional linear change and non-linear change), but to create variation between images in a block sequence an additional (75%) transform was included that fell within the range used in the behavioural experiment. In the unchanged condition, images in each block were shown at the original size. In the size change condition, the size of the images in each block was shown at 50, 75 or 100% of the original image dimensions. In the linear stretch condition, the height of the images in each block was unchanged, but the width of images was 50, 75 or 100% of the original image. In the non-linear condition, the size of the image was 50, 75 or 100% of the original image, then the bottom half of the image was stretched and the image resized so that that the height of the face was the same as the original face. Participants viewed face images at a distance of 57 cm.
For each of the four transformation types, identity was either held constant (same identity), or varied (different identity) throughout the block. This gave 8 different stimulus conditions. Each condition was repeated in six blocks, and conditions and blocks were presented in pseudorandom order (i.e. the condition order was randomised, but held constant across participants). To maintain attention throughout the stimulus presentation, participants were required to press a button when detecting a small, red dot (0.1 deg visual angle), which appeared in a random position on one or two of the gray scale face images within each block.
Experiment 2
Experiment 2 investigated behavioural and neural sensitivity to non-linear changes in spatial configuration that fall within the normal range of variation. Images were derived from the original averaged images used in Experiment 1. These images underwent two types of nonlinear transformations: shape change (by mapping the average surface properties of each identity onto the average spatial position of facial features for a different identity) and caricature (exaggerating individual spatial feature position differences from an average position of these features across the faces).
The shape change transformations were achieved by defining 82 key fiducial points (e.g., corners of the mouth, of the eyes, etc.) for each image in a graphics program.
These fiducial positions were then connected to form a grid representing the shape of the image (for details see Burton et al., 2015) . This allowed the surface properties of each face to be mapped onto the spatial fiducial positions of a different face (Burton et al., 2005) . For the caricature condition, an average spatial configuration was calculated from the fiducial positions of the 6 original images. Two levels of caricature were then generated for each original image by exaggerating the deviation from the average face by 25% and 50%. These two levels were chosen such that the average shape deviation for caricatures within identities was equivalent to the average shape deviation between images in the shape condition. In this way, we ensured that the changes in feature positions for each type of transform fell within the range of variability of the fiducial locations in the original set of images. As is clear in Figure 2 , shape or caricature changes within this range (rows B and C in A behavioural study was performed to measure the ability of participants to discriminate face identities across these four different spatial transformations. In each trial, two face images (the first of which was always an untransformed average image) were presented sequentially for 900 ms each with a 100 ms inter-stimulus interval, and participants pressed a button to indicate whether the two faces were of the same identity or different identities. The six types of trials (conditions -same or different face identity pairs across three types of transform no change, shape change and caricature) were presented in random order, but the same order was used for all participants. Participants viewed a total of 168 trials (28 trials per condition); the first 24 trials were considered practice trials (4 trials per condition) and not included in the final analysis. For each participant, the median reaction time was calculated for correct responses for each condition, and the mean and standard error of the median reaction times were calculated across participants. Mean accuracy rates were also calculated for each participant and condition. Responses were considered correct or incorrect based on the identities of the faces from which the transformed stimuli were created. Participants viewed face images at a distance of 57 cm.
Next, we investigated the sensitivity of face-selective regions to these nonlinear changes in face image. Images were presented in a blocked fMR-adaptation design.
During each block, 6 images were presented in sequence, each for 900ms with a 100ms
black screen between each image, followed by a 9s gray mean luminance screen with a fixation cross, resulting in a total block length of 15s. There were five experimental conditions: (A) no change (same identity, same image); (B) caricature (two examples at each of 0%, 25%, 50% caricature); (C) shape change (two examples of each of 3 shapes, original shape and two others); (D) identity change (3); (E) identity change (6) . The identity change (3) condition had three identities repeated twice. This matched the level of image repetition in the caricature and shape change conditions. We also included the identity change (6) condition, which had all six identities shown once. Our rationale for including this condition was to measure the maximal release from adaptation to identity. Examples of face blocks To analyse the data from the experimental scans, the time-course of response from each voxel within each ROI was converted from units of image intensity to percentage signal change. Voxels were then averaged to give a single time series for each ROI in each participant. Individual stimulus blocks were corrected to the same baseline by subtracting the response at the start of the block from the response at every time point and then averaged to produce a mean time series for each condition for each participant. The peak response was at 9 seconds post-stimulus onset. fMR-adaptation to identity was determined for each condition by comparing the same identity and different identity conditions for each image manipulation.
RESULTS
Experiment 1
A behavioural experiment was used to determine the effect of linear and non-linear manipulations on the ability to discriminate facial identity by sequentially presenting pairs of images derived from the same or a different identity (see Figure 1) . Figure 3 p<0.001), no effect of transformation, but a significant interaction between transformation and identity (F(3,63) = 3.11, p=0.033). There were no significant effects in the STS.
To determine whether adaptation to facial identity was evident for each spatial transformation, responses to same and different identity conditions were compared within each ROI with post-hoc t-tests, using a Holm-Bonferroni correction for multiple 
Experiment 2
A behavioural experiment was used to determine the effect of small non-linear manipulations on the ability to discriminate facial identity by sequentially presenting pairs of images derived from the same or a different identity. Figure 5 In the STS, there were no differences between any of the conditions and the no change condition. However, there was a larger response to the shape change condition compared to the different identity conditions (identity change (6) 
DISCUSSION
The aim of this study was to investigate the sensitivity of face-selective regions to linear and non-linear changes in face images. We found adaptation to identity in face-selective regions such as the OFA and FFA, which showed invariance to linear changes in the spatial configuration of the image. This held both for size changes and for the more distorting onedimensional linear changes that fell well outside the range of everyday image variability. In contrast, we found that adaptation to identity was not invariant to non-linear changes in the spatial configuration of the image, even when these changes fell within the normal range of variation across face images. In contrast to the OFA and FFA, there was no adaptation to facial identity in the STS. However, the STS was sensitive to non-linear changes that fell within the normal range of image variability.
The effect of linear and non-linear changes on face recognition
Global linear changes in the image can occur in a range of natural viewing conditions. For example, two-dimensional (2D) linear transformations (i.e., size changes) of faces in the real world typically signal changes in distance from the viewer. One-dimensional linear changes (i.e., aspect ratio) can also occur in the real world when we look at an incorrectly reproduced photograph or badly adjusted television. In such circumstances, the incorrect aspect ratio is often noticed, but the face is still easily recognised. Similarly, we found that participants were able to match the identity of two images derived from the same face when the spatial configuration of the face was changed linearly. This was true not only for two-dimensional linear transformations, but also when the image was distorted by onedimensional linear transformations. These findings are consistent with previous studies, both in adults (Hole, 2002; Frowd et al. 2014 ) and infants (Yamashita et al., 2013) , as well as non-human primates (Taubert & Parr, 2011) . However, when the face shape was changed by substantial non-linear transformation in Experiment 1, both accuracy and reaction times were attenuated.
Neural response to linear and non-linear changes in the face
The fMRI experiment built on these behavioural results by using the logic that a neural region that is directly responsible for the recognition of facial identity should show a corresponding differential sensitivity to non-linear over linear transformations. This was achieved with a block design fMR-adaptation paradigm in which neural responses to faces with the same identity were compared to faces with different identity. Consistent with our behavioural findings, we found adaptation (lower response to same identity faces) in the FFA and OFA was tolerant of linear changes in the image. For example, adaptation to faces that changed in size was very similar to adaptation to faces that were unchanged in size (see also, Grill-Spector et al., 1999; Andrews and Ewbank, 2004) . We also found significant adaptation to facial identity when a one-dimensional linear transformation was applied to the images, so that they varied in width. However, the magnitude of this adaptation was smaller than for unchanged images suggesting that the responses in these regions are not fully invariant to this manipulation. Nonetheless, these results are consistent with a previous EEG study that also showed that adaptation of the N250 potential to identity was invariant to one-dimensional linear transformations of the images (Bindemann et al., 2008) .
In marked contrast to the linear transformations, there was no adaptation to identity in any of the face regions when non-linear vertical transformations were applied to the images in Experiment 1. That is, responses to non-linearly transformed faces of the same identity were equivalent to those when identity was varied, indicating a complete release 
The role of the STS in face processing
In addition to proposing that the FFA is critical to coding invariant aspects of faces, neural models of human face perception also propose a pathway leading to the posterior STS that is responsible for processing changeable aspects of faces such as gaze and expression (Haxby et al., 2000) . In our experiments, the posterior STS did not show any adaptation to identity, but did show a larger response to small non-linear changes in shape that fell within the normal range of variability. One interpretation of these findings is that the changes in In conclusion, we have shown that core face-selective regions, such as the FFA, tolerate naturally-occurring linear changes in face images. In contrast, the FFA was sensitive to non-linear changes in the face, even when these changes do not affect recognition.
These findings show that the neural representation in the FFA does not have a fully invariant representation of facial identity. While the FFA may therefore be involved in the recognition of face identity, it is more likely that it contributes to some form of normalisation that underpins subsequent recognition than that it forms the neural substrate of recognition per se. 
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